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The physical properties of a condensed matter system (crystal structure, resistance, magnetization, strain, etc.) can vary discontinuously when driven by external forces such as temperature [1] [2] [3] , magnetic field [4] [5] [6] [7] [8] [9] , stress [10] , and chemical potential [11] . The size of these changes can range over many orders of magnitude. This phenomenon has been referred as crackling noise or avalanches [12, 13] . Avalanches can be observed in a variety of materials, including Barkhausen noise in ferromagnets [4] [5] [6] , field-driven transformation of phase-separated manganites [7] , Martensitic transformations [1] , microfractures [10] , vortex motion in type-II superconductors [8, 9] , hydrogen precipitation in niobium [2] , and helium condensation in porous materials [11] . The distribution of the avalanche sizes follows a power law, N A , where N is the number of the avalanches, A is the size of the avalanches and α is the power law exponent.
The existence of a power law indicates the absence of characteristic length scales in these systems, i.e. the systems are self-similar at all length scales [12, 13] . Recently, multiple avalanches were observed across the first-order metal-insulator transition (MIT) of VO 2 as jumps in the resistance vs. temperature (R-T) measurements [3] . When metallic and insulating phases coexist [14] [15] [16] in VO 2 , temperature induced resistance jumps ranging over 2 -3 orders of magnitude appear. These jumps follow a power law distribution [3] . Furthermore, the power law exponent is independent of device geometry or temperature sweep rate, indicating that the exponent is an intrinsic property of VO 2 [3] . A theoretical model has been proposed to explain the avalanches in VO 2 with a two dimensional (2D) random percolation model [17] .
Similar to VO 2 , other materials undergoing inhomogeneous first-order MITs are expected to exhibit avalanches. For instance, V 2 O 3 , another member of the vanadium oxide family, undergoes a first-order MIT at 165K [18] . The MITs in VO 2 and V 2 O 3 are phenomenologically similar, i.e. the resistivity of the materials changes by several decades at a stoichiometry-3 dependent transition temperature, accompanied by a first order structural phase transition.
However, a recent study of ion irradiation damage have shown that the mechanisms of the MITs in VO 2 and V 2 O 3 are different [19] . This study is performed on macroscopic thin films but the microscopic difference between the two materials has not been yet explored.
In this Rapid Communication, we report avalanches in the MIT of V 2 O 3 . Temperaturedriven avalanches are observed in R-T measurements of V 2 O 3 nanodevices with resistance jumps ranging over 3 -4 orders of magnitude. The largest jumps depend on the device dimensions, while the resistance jump sizes follow a power law distribution, with a power law exponent independent of device geometry. Furthermore, the avalanches of V 2 O 3 and VO 2 are compared with a numerical model based on 2D random percolation. VO 2 and V 2 O 3 exhibit different power law exponents, suggesting that the MITs in these two materials may occur through different mechanisms. Our observations highlight the microscopic difference between two inhomogeneous materials, which are otherwise similar at the macroscopic scale.
The deposition conditions of the V 2 O 3 thin films were described in Ref. [20] . The film thickness is fixed to 100 nm in this study. Single crystalline growth of the films is established from X-ray diffraction [19, 21, 22] . All the devices are fabricated on two V 2 O 3 thin films deposited in two consecutive depositions using sapphire substrates from the same wafer. This ensures that the structure and resistivity of V 2 O 3 are identical. V 2 O 3 devices were fabricated with standard e-beam lithography and lift-off process. For the metallic electrodes, a 10 nm vanadium layer was deposited as an adhesion layer followed by a 50 nm gold layer for electrical contact.
The device length is the distance between two metallic electrodes and device width is given by the width of the electrodes (see FIG. 1(a) ). The metallic electrodes are connected to macroscopic pads for electrical connections using standard photolithography techniques. The resistance of the 4 devices was measured in a 2-probe configuration with a current source and a voltmeter. The current for all the measurements is fixed to 100 nA to ensure that the electric field across the devices is on the order of 10 3 V/cm when the metal insulator transition takes place. This electric field is two orders of magnitude lower than that used to drive a voltage induced transition [23], so the current and voltage do not affect the avalanches in these measurements. For each device, 10 consecutive R-T curves were measured at a constant 1 K/min temperature sweep rate and a 5Hz sampling rate in order to assure the same sampling number for all the devices and enough resolution of the avalanche over three decades [1, 24] .
The main panel in Fig ranging from a few kilo ohms to a few ohms, limited by the measurement resolution. This indicates that the MIT of V 2 O 3 takes place inhomogeneously at the nanoscale, due to the coexistence of the insulating and metallic phases [25] , and the MIT occurs through a series of discontinuous transitions over a broad range of magnitudes.
We define the jump size with two consecutive data points (T 1 ,R 1 ) and (T 2 ,R 2 ) from the R-T measurements (T 1 < T 2 ):
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Note that we choose ΔR/R instead of ΔR = R 1 -R 2 to measure the jump size. The instrumental noise (about 0.1 %) can give rise to 100's or 1000's of Ohms fluctuation in the resistance measurements when the oxide is in the insulating phase. This introduces errors in the statistics of ΔR, which can be avoided using ΔR / R with a minimum cut-off (ΔR / R) min = 0.002 -0.005. This value is on the same order of magnitude as previously reported for VO 2 devices [3] . Fig. 3 ). The linear behavior of the histogram on a log-log scale plot shows that the jump size distribution follows a power law, which is a main signature of avalanches [12, 13] . The power law exponent of this device is α = 2.22 ± 0.03.
We chose the minimum cut-off (ΔR/R) min = 0.002 -0.005 in the maximum likelihood fit. Within this range, the power law exponent α does not change when (ΔR/R) min is varied. Fig. 4 (b) further 6 shows the geometrical dependence of the power law exponent with the device length (red solid and open circles). The exponents vary between 2.1 and 2.7 for all the devices. As opposed to the maximum jump size, we did not observe a correlation between the exponents and the device length for either heating or cooling. This suggests that the power law exponent of the V 2 O 3 device is independent of device geometry. In a separate sample, we vary the device width from 1 -5 µm while keeping the device length at 500 nm. The exponents vary in the same range and show no geometrical dependence either. We found a normal distribution of the exponents for all the devices in both samples with a mean value of 2.36, indicated by the red dash line in Fig. 4(b) [27].
It is important to note that the resistance jumps ΔR are not directly related to the volume fraction of the insulating and metallic phases during the MIT, but are connected to the percolation across the electrodes [3, 28] . Therefore, ΔR does not reflect directly the role of an avalanche in the percolation. A large ΔR plays no significant role in the percolation if the temperature is low (below 140 K) and the resistance of the device is high. On the other hand, ΔR/R reflects the percolation more faithfully than ΔR. The V 2 O 3 MIT takes place through metallic domain formation at the nanoscale [25] . Each domain switching causes a resistance jump [3, 29] . The largest jump occurs when the two electrodes are connected by a metallic path, i.e. the system reaches its percolation threshold [28] . As the device length decreases, fewer metallic domains are required to form a metallic path to reach percolation. As a result, one domain switching induces a larger jump. This explains the geometrical dependence of the device length shown in Fig. 2 . On the other hand, the power law distribution of the jump sizes does not depend on the device dimension, implying that the power law is an intrinsic property of V 2 O 3 .
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To understand the origin of the power law distribution of jump sizes, we performed numerical simulations with a random percolation model [3, 17] . The V 2 O 3 device is simulated with a 2D square lattice [3] . Each lattice site in the model represents a 50 × 50 nm 2 V 2 O 3 domain.
We assumed that the MIT within a 50 × 50 nm 2 solving the Kirchhoff equations for all the domains [28] . Note that we neglect the low temperature semiconducting temperature dependence. The insulating vanadium oxide resistance decreases exponentially with increasing temperature, but this is not reflected in the MIT avalanches. As a result, the simulated R-T curves do not exhibit the "rounded" part of the measured R-T curves shown in Fig. 4(a) .
We found resistance jumps over several orders of magnitude in the simulated R-T curves, similar to the V 2 O 3 devices as shown in Fig. 4(a) . The maximum jump size of the simulated R-T curves are larger than in the measurements, implying that a smaller domain size should be used in the simulation. However, due to numerical limitations the domain size cannot be further reduced. The jump sizes (ΔR/R) in the simulations also follow a power law distribution. Fig. 4(b) shows the geometrical dependence of the power law exponent α from the simulation (black solid squares). The power law exponents for different device lengths are all close to 2.04 and 8 independent of heating or cooling. This value is independent of domain size, mean value of the transition temperature, and standard deviation. This supports the previous claim that the power law exponent is an intrinsic property of the model. Thus the 2.04 power law exponent found for the percolation in a 2D square lattice is lower than that found experimentally for V 2 O 3 . Ref. [3] . The exponent α = 1.9 -2.4 for all the VO 2 devices, with a mean value of 2.09. This mean value for VO 2 is close to the simulated value from the 2D random percolation model, which has been used to describe the MIT in VO 2 devices [17] . However, the power law exponent for V 2 O 3 is higher than for VO 2 and the simulation. We used a t-test [30] to compare the difference between the mean values of the exponents for VO 2 and V 2 O 3 . The test showed that the probability for the two means to be equal is only 0.07% [31] . Our statistical analysis of avalanches in different vanadium oxides reflects the differences at the nanoscale for inhomogeneous materials, which are otherwise similar at the macroscopic scale. The formation of the nanoscale metallic domains has been observed with low temperature 9 scanning electron microscopy when the MIT of V 2 O 3 is induced by the voltage [25] . However, the MITs induced by temperature and voltage occurs through different types of percolations [17] .
Scanning near-field infrared microscopy (SNIM) [14] , scanning tunneling microscopy [32] or scanning tunneling spectroscopy [15] can image the electronic phase coexistence of vanadium oxides at the nanoscale during the MIT and provide further information about the percolation.
Nanoscale phase coexistence of the temperature induced MIT of V 2 O 3 has recently been confirmed by cryogenic s-SNOM measurements [33] . Interestingly, the phase coexistence in V 2 O 3 does not correlate with the microstructure of the film, but is likely caused by the stress field during the structural phase transition [33] . Note that we showed a "cut-off" length 3.4 µm in Fig.   2 at which the R-T curves become continuous. This length scale indicates a maximum avalanche size driven by the stress, which gives rise to the physical upper limit of the avalanches. A theoretical model can be built to relate the s-SNOM images to our R-T measurements, but that is beyond the scope of the present work.
To summarize, we studied the avalanches in the MIT of V * simingwang@lbl.gov
